1. Introduction {#sec1-ijms-21-00286}
===============

Throughout their lives, plants' growth and development are always governed by living conditions. Like animals, plants also possess distinct innate responsive mechanisms to minimize the negative impacts of their environments \[[@B1-ijms-21-00286]\]. The responses of plants to environmental stresses are the outcomes of their capability of sensing and subsequently transducing the stress information toward the plant nucleus to regulate the genetic machinery \[[@B2-ijms-21-00286],[@B3-ijms-21-00286]\]. Currently, it is known that the plant defense deploys a sophisticated network consisting of diverse proteins and metabolites \[[@B4-ijms-21-00286]\]. Among the identified participants, transcription factors (TFs) play a vital role in supporting plant responses to environmental stresses, apparently due to their ability of binding to gene promoter regions and interacting with other proteins to regulate gene expression and protein functions \[[@B2-ijms-21-00286],[@B5-ijms-21-00286],[@B6-ijms-21-00286]\]. Examples of several TF families found in plants which are important in both biotic and abiotic stress responses are AP2/ERF (APETALA2/ethylene-responsive element binding factor) \[[@B7-ijms-21-00286],[@B8-ijms-21-00286]\], NAC (NAM, ATAF1/2, CUC2) \[[@B9-ijms-21-00286],[@B10-ijms-21-00286]\], bZIP (basic leucine zipper) \[[@B11-ijms-21-00286],[@B12-ijms-21-00286]\], MYB (myeloblastosis) \[[@B13-ijms-21-00286],[@B14-ijms-21-00286]\], WRKY (tryptophan-arginine-lysine-tyrosine) \[[@B15-ijms-21-00286],[@B16-ijms-21-00286]\] and zinc-finger proteins \[[@B17-ijms-21-00286],[@B18-ijms-21-00286],[@B19-ijms-21-00286]\].

With respect to the NAC TF family, functional characterization studies revealed that the NAC members participate in monitoring a wide spectrum of biological processes. Specifically, they have been shown to regulate embryo development \[[@B20-ijms-21-00286],[@B21-ijms-21-00286]\], root development \[[@B22-ijms-21-00286],[@B23-ijms-21-00286]\], shoot development \[[@B24-ijms-21-00286]\], secondary cell wall formation \[[@B25-ijms-21-00286],[@B26-ijms-21-00286]\], reproductive organ development \[[@B27-ijms-21-00286],[@B28-ijms-21-00286]\], fiber development (e.g., in cotton) \[[@B29-ijms-21-00286]\], trichome development \[[@B30-ijms-21-00286],[@B31-ijms-21-00286]\], ripening \[[@B32-ijms-21-00286]\] and senescence \[[@B33-ijms-21-00286]\]. Their regulatory mechanisms have also been demonstrated to be coordinated by various hormone signaling pathways, including abscisic acid (ABA)- \[[@B34-ijms-21-00286]\], jasmonic acid- \[[@B35-ijms-21-00286],[@B36-ijms-21-00286]\], auxin- \[[@B37-ijms-21-00286],[@B38-ijms-21-00286]\], ethylene- \[[@B39-ijms-21-00286],[@B40-ijms-21-00286]\] and gibberellic acid-dependent \[[@B41-ijms-21-00286]\] signaling pathways. Besides, transcriptome profiling studies revealed that many NAC members are responsive to environmental stimuli, including drought \[[@B42-ijms-21-00286],[@B43-ijms-21-00286]\]. Structural analyses of typical NAC proteins indicated that the domain interacting with DNA sequences (*cis*-elements) is located in the N-terminal region, and is composed of several motifs, while the regulatory domain can be found in the C-terminal region \[[@B2-ijms-21-00286],[@B5-ijms-21-00286]\]. Detailed processes of DNA binding and the protein interactions of many NAC TFs have been studied and reported in many published works \[[@B44-ijms-21-00286],[@B45-ijms-21-00286],[@B46-ijms-21-00286],[@B47-ijms-21-00286]\]. For example, the interactions between the ZFHD1 (zinc finger homeodomain 1) and ANAC019, ANAC055 or ANAC072, were studied using yeast-two hybrid and transactivation assays in *Arabidopsis* protoplasts, and their interactions were shown to have essential roles in improving drought tolerance of *Arabidopsis* plants \[[@B48-ijms-21-00286]\].

A great number of reports have shown that enhancement of plant resistance to drought could be achieved by manipulating certain *NAC* genes. In *Arabidopsis*, overexpression of the *Arabidopsis* drought-inducible genes *ANAC019*, *ANAC055* or *ANAC072* could enhance drought tolerance in the transgenic plants \[[@B49-ijms-21-00286]\]. Transforming *Arabidopsis* plants using *NAC*s from other crop species, such as wheat (*Triticum aesitivum*) *TaNAC29* \[[@B50-ijms-21-00286]\] and maize (*Zea mays*) *ZmSNAC1* \[[@B51-ijms-21-00286]\], also showed better tolerance of transgenic plants to drought compared with non-transgenic plants. Similar successes have also been obtained in other plant systems. In rice (*Oryza sativa*), the NAC TFs functioning as positive mediators in plant response to drought include SNAC1 \[[@B52-ijms-21-00286]\], ONAC022 \[[@B53-ijms-21-00286]\], OsNAC6 \[[@B54-ijms-21-00286]\] and SNAC3 \[[@B55-ijms-21-00286]\]. Likewise, in transgenic tobacco, ectopic expression of peanut (*Arachis hypogaea*) *AhNAC3* \[[@B56-ijms-21-00286]\] or wheat *TaNAC2a* \[[@B57-ijms-21-00286]\] could promote drought tolerance in the constructed plants. Functional characterizations of the examined NAC TFs indicated that they participate in regulating diverse plant defending and adaptive activities, which are related to reactive oxygen species (ROS) removal, germination, root development, transpiration, photosynthetic performance, senescence, membrane transport and stabilization, nutrient remobilization and production of carbohydrate and osmo-protective compounds \[[@B51-ijms-21-00286],[@B54-ijms-21-00286],[@B58-ijms-21-00286],[@B59-ijms-21-00286],[@B60-ijms-21-00286],[@B61-ijms-21-00286],[@B62-ijms-21-00286],[@B63-ijms-21-00286]\]. Furthermore, the NAC-induced resistance coupled with minimized yield loss in transgenic plants upon stress exposure has also been reported in several studies \[[@B62-ijms-21-00286],[@B64-ijms-21-00286],[@B65-ijms-21-00286]\]. These lines of evidence highlight the NAC TF family as an important resource of candidate genes that can be used for improvement of crop yields under water scarcity by genetic engineering.

In soybeans (*Glycine max*), a number of *GmNAC* genes have been identified to be drought and/or dehydration-responsive \[[@B43-ijms-21-00286],[@B66-ijms-21-00286],[@B67-ijms-21-00286],[@B68-ijms-21-00286]\]. Among these, the *GmNAC019*/*Glyma04g38990.1* \[[@B43-ijms-21-00286]\] (the so-called *GmNAC020* in \[[@B5-ijms-21-00286]\]) was reported as one of the *NAC* genes induced by dehydration. In addition, GmNAC019 possesses transactivation, as evidenced by a yeast one-hybrid assay \[[@B5-ijms-21-00286]\]. The latest investigations using two soybean cultivars with contrasting drought-tolerant phenotypes revealed positive correlation of *GmNAC019* expression and the drought tolerance capacity, suggesting its beneficial regulatory functions for drought tolerance \[[@B67-ijms-21-00286],[@B68-ijms-21-00286]\]. With great interest in identifying the roles of GmNAC019 in regulating plant drought responses, in the present study, we conducted a detailed functional analysis of GmNAC019 by using transgenic *Arabidopsis* plants ectopically expressing *GmNAC019*.

2. Results and Discussion {#sec2-ijms-21-00286}
=========================

2.1. Transgenic Arabidopsis Plants Ectopically Expressing GmNAC019 Exhibited a Smaller Phenotype {#sec2dot1-ijms-21-00286}
------------------------------------------------------------------------------------------------

To understand the regulatory functions of the drought-inducible *GmNAC019* gene in mediating plant response to drought, we constructed transgenic *Arabidopsis* plants ectopically expressing *GmNAC019* using the *CaMV 35S* promoter. Through screening for the homozygous transgenic plants that carried a single copy of transgene, three independent lines were obtained and designated L1, L2 and L3. The expression of the transgene was detected in these three lines, but not in the wild-type (WT) plants ([Figure 1](#ijms-21-00286-f001){ref-type="fig"}A). According to the results, L3 had the *GmNAC019* expression approximately 2.4-fold higher than the other two transgenic lines. In comparison with L1 and L2, L3 displayed a significantly smaller rosette ([Figure 1](#ijms-21-00286-f001){ref-type="fig"}B) and shorter root length ([Figure 1](#ijms-21-00286-f001){ref-type="fig"}C). When compared with WT plants, all three transgenic lines were smaller in size, as indicated by examination of several phenotypic parameters, including rosette radius and area, and root length ([Figure 1](#ijms-21-00286-f001){ref-type="fig"}B,C). These findings imply that constitutive expression of *NAC* genes using the *CaMV 35S* promoter might result in growth retardation in homologous/heterologous transgenic systems, as also observed in many previously published reports, such as ectopic expression of *GmNAC085* \[[@B69-ijms-21-00286]\] or *GmNAC109* \[[@B70-ijms-21-00286]\] in *Arabidopsis*, and overexpression of *Thellungiella halophila TsNAC1* in *T. halophila* \[[@B71-ijms-21-00286]\] or *ANAC036* in *Arabidopsis* \[[@B72-ijms-21-00286]\]. Additional analyses from some of these studies reveal that the restriction in cell size and expansion was a cause of growth retardation, probably due to the strong activity of this promoter \[[@B71-ijms-21-00286],[@B72-ijms-21-00286]\]. Thus, other constitutive promoters with lower activities than that of *CaMV 35S* might be considered for ectopic expression/overexpression of *NAC* genes, and perhaps TF-encoding genes belonging to other TF families, to avoid any growth penalty effects on the transgenic plants.

2.2. GmNAC019-Transgenic Plants Displayed Better Drought Tolerance Potential {#sec2dot2-ijms-21-00286}
----------------------------------------------------------------------------

To determine whether GmNAC019 plays a role in drought tolerance, we evaluated the survival capacities of the *GmNAC019*-transgenic L1, L2 and L3 plants under water deficit conditions by performing a drought tolerance assay using the soil-drying method. After 12 days of drought exposure, markedly enhanced survival rates were observed in all three transgenic lines compared with that of WT plants ([Figure 2](#ijms-21-00286-f002){ref-type="fig"}A--C). According to our data, more than 50% of the transgenic plants but only around 30% of the WT plants were able to recover after re-watering ([Figure 2](#ijms-21-00286-f002){ref-type="fig"}C). Further examination of the water loss rates in the leaf tissues during a dehydration treatment indicated that all three transgenic lines had lower water loss rates than WT plants, especially when the detached leaves were exposed to dehydration for 3 h or longer ([Figure 2](#ijms-21-00286-f002){ref-type="fig"}D). These findings demonstrated that the transgenic plants had better water retention ability under water scarcity conditions. In a previous study, improved drought tolerance associated with reduced water transpiration rates of transgenic *Arabidopsis* plants ectopically expressing chickpea (*Cicer arietinum*) *CarNAC4* has also been reported \[[@B73-ijms-21-00286]\]. Furthermore, transgenic *Arabidopsis* harboring the maize *ZmNAC55* showed better drought tolerance, which was partially attributed to the faster stomatal closure rates, leading to a slower cellular dehydration process under water-deficit conditions \[[@B74-ijms-21-00286]\]. In another research, the enhanced tolerance of *TaNAC2*-transgenic *Arabidopsis* lines to drought was also featured with a lower water loss rate in detached leaves coupled with lower osmotic potential \[[@B75-ijms-21-00286]\].

2.3. GmNAC019-Transgenic Plants Exhibited Decreased Drought-Induced Oxidative Stress by Regulating ROS Metabolism {#sec2dot3-ijms-21-00286}
-----------------------------------------------------------------------------------------------------------------

Under the shortage of water availability, oxidative stress is triggered as a secondary stress in plants due to the accumulation of intracellular ROS \[[@B76-ijms-21-00286],[@B77-ijms-21-00286]\]. Therefore, evaluation of the hydrogen peroxide (H~2~O~2~) contents (i.e., one of commonly accumulated ROS) and activities of key antioxidant enzymes are considered important in estimating the drought-induced oxidative stress levels and plant resistance capacities \[[@B50-ijms-21-00286],[@B61-ijms-21-00286],[@B69-ijms-21-00286]\].

Our data revealed that under normal growth conditions, there were no distinct differences in endogenous H~2~O~2~ levels across all genotypes, and the H~2~O~2~ concentrations detected were relatively low ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}A,B). However, in plants experiencing drought, the H~2~O~2~ levels increased by 3 to 4-fold in the transgenic plants and around 10-fold in the WT plants in comparison with irrigated corresponding plants ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}B). This result indicated that during the drought, the WT plants were likely exposed to more serious oxidative stress than the transgenic lines. Next, we determined the activities of three ROS-scavenging marker enzymes, including superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) \[[@B78-ijms-21-00286],[@B79-ijms-21-00286]\]. Under water deficit conditions, while the WT plants showed slightly enhanced levels of SOD, the transgenic lines, especially L3, showed even more highly increased SOD activities ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}C). Enhanced SOD activities suggested a better capacity in scavenging superoxide (the substrate of SOD) in the transgenic lines than in WT plants. Regarding the CAT and POD, higher enzyme activities in the transgenic plants were observed not only under drought but also normal growth conditions, indicating that the accumulation of H~2~O~2~ in these transgenic plants could also be prevented by their stronger activities. It is worth mentioning that under normal irrigation, while H~2~O~2~ levels were comparable in all genotypes, the CAT and POD activities were higher in the transgenic lines than WT plants ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}B,C), which might indicate an acclimation state ready for faster increases of these enzymes in transgenic plants to better prevent H~2~O~2~ accumulation when drought occurs, rather for reducing the basal H~2~O~2~ levels produced under non-stressed conditions that are required for normal plant development as an important signaling molecule \[[@B79-ijms-21-00286],[@B80-ijms-21-00286],[@B81-ijms-21-00286]\]. Noticeable increases in activities of these antioxidant enzymes under normal growth conditions were also observed in other studies using different kinds of TFs, including the ectopic expression of *Pyrus betulifolia PbeNAC1* in tobacco \[[@B82-ijms-21-00286]\] and of *Vitis labrusca* × *V. vinifera VlWRKY3* in *A. thaliana* \[[@B83-ijms-21-00286]\].

To gain an insight into the molecular basis of GmNAC019 function in plant drought tolerance in relation to ROS-removing enzymes, the expression levels of *CSD1* (*copper/zinc superoxide dismutase 1*) and *CAT2* (*catalase 2*) genes in transgenic and WT plants were compared. These genes encode the SOD \[[@B84-ijms-21-00286]\] and CAT \[[@B85-ijms-21-00286]\] enzymes, respectively. To examine how gene expression was altered under different durations of water-deficit conditions, the plants were subjected to a dehydration treatment that resulted in mild and severe cellular dehydration conditions, similar to what could be observed under short-term drought (i.e., under short-term dehydration) and long-term drought (i.e., under prolonged dehydration), respectively. According to our expression analysis, *CSD1* showed a significant upregulation in transgenic lines L2 and L3 after 8-h dehydration treatment, with pronounced induction observed in L3 (nearly 5-fold) ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}D). This result suggested that the upregulation of *CDS1* gene in the transgenic plants was dependent on the transcript levels of *GmNAC019* gene, as L3 showed more than 2-fold higher *GmNAC019* expression than did the L1 and L2 ([Figure 1](#ijms-21-00286-f001){ref-type="fig"}A). Regarding the *CAT2* expression, three distinct transcript patterns of *CAT2* were noticed over the course of dehydration treatment ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}D). In the WT plants, *CAT2* expression reached the peak at 5 h of dehydration, and as followed by a drop to the base level 3 h later. Meanwhile, the transgenic L1 and L2 lines displayed an inverted expression profile; i.e. they showed a slight decrease after 5 h, but an increase after 8 h of dehydration in *CAT2* transcript abundance. On the other hand, line L3 showed stable *CAT2* expression over the dehydration period, and notably displayed higher *CAT2* transcript level than WT did after 8-h dehydration treatment. Therefore, examination of the *CAT2* expression in an extended dehydration would be useful to clarify its response to dehydration. It should also be mentioned that gene expression and corresponding enzyme activity levels were not very well correlated in some cases upon the water-stress treatments (e.g., *CSD1* transcript levels versus SOD enzyme activity levels in L1 and L2, and *CAT2* transcript levels versus CAT enzyme activity levels in L3) ([Figure 3](#ijms-21-00286-f003){ref-type="fig"}C,D). Such inconsistencies could be explained by the fact that the analysis of enzymatic activities was based on the performance of all forms of isozymes/isoforms, while the analysis of gene expression was only for one gene encoding a particular isozyme/isoform \[[@B86-ijms-21-00286]\]. Therefore, expression of other *CSD1* and *CAT2* homologous genes should be worthily studied for acquiring a clearer picture.

Previously, a great number of studies reported the successful improvements of drought resistance in plants by overexpressing/ectopically expressing various *NAC* genes. For example, ectopic expression of *TaNac29* led to enhanced drought tolerance in transgenic *Arabidopsis*, partly due to the increase in detoxifying activities of SOD and CAT, and the reduction in H~2~O~2~ accumulation \[[@B50-ijms-21-00286]\]. Likewise, *Arabidopsis* plants harboring the soybean *GmNAC085* expression also displayed better adaptation to drought conditions. Altered features observed in these transgenic lines included lower transpiration rate and stronger ROS-scavenging activities \[[@B69-ijms-21-00286]\]. Transgenic tomato (*Solanum lycopersicum*) plants harboring tomato transgene *SlNAC35* \[[@B61-ijms-21-00286]\], and transgenic rice carrying the rice transgene *ONAC095* \[[@B60-ijms-21-00286]\] also conferred improved drought resistance by acquiring similar modified attributes. Therefore, the findings imply that the *GmNAC019*-transgenic plants possessed an improved enzymatic antioxidant defense system to more efficiently scavenge drought-induced ROS, which enabled them to survive better under the adverse water scarcity.

2.4. GmNAC019-Transgenic Plants Were More Sensitive to ABA {#sec2dot4-ijms-21-00286}
----------------------------------------------------------

It is known that ABA is an important phytohormone that regulates plant responses to various abiotic stresses, particularly drought \[[@B87-ijms-21-00286]\]. To find out if GmNAC019 would act in plant drought responses through an ABA-mediated pathway, we studied the effects of this phytohormone on seed germination and cotyledon greening of the transgenic plants. Results showed that supplementation of exogenous ABA to the medium resulted in more remarkably reduced germination rates of the seeds of transgenic lines than WT plants (by 46--50% and 57--60% in transgenic lines versus 10--16% in WT at 0.3 and 0.5 µM ABA, respectively) ([Figure 4](#ijms-21-00286-f004){ref-type="fig"}A). In support of the germination data, a lower proportion of transgenic plants could develop cotyledons ([Figure 4](#ijms-21-00286-f004){ref-type="fig"}B). In detail, under 0.3 µM ABA conditions, 79% WT plants could display greening cotyledon, whereas only 30--39% of transgenic plants depending on each genotype could show this phenotype. At the higher 0.5 µM ABA concentration, the values were 72% in WT and 18--31% in the transgenic lines. The ABA hypersensitivity observed in the *GmNAC019*-transgenic lines indicates that GmNAC019 participates in regulation of plant response to drought in an ABA-dependent manner.

It is known that both ABA-dependent and ABA-independent pathways play vital roles in mediating plant responses to adverse environmental conditions \[[@B76-ijms-21-00286]\]. NAC TFs have been found to be involved in both pathways in relation to plant drought responses, suggesting their diverse actions in drought tolerance \[[@B88-ijms-21-00286],[@B89-ijms-21-00286]\]. Similar to our findings, in the study of Yang et al. \[[@B90-ijms-21-00286]\], the drought-tolerant *Arabidopsis* plants ectopically expressing the *Miscanthus lutarioriparius MlNAC5* were shown to be highly sensitive to ABA treatment during the post-germination stage. Functional analyses of TaNAC29 \[[@B50-ijms-21-00286]\], ZmSNAC1 \[[@B51-ijms-21-00286]\], AhNAC2 \[[@B91-ijms-21-00286]\] and OsNAC52 \[[@B92-ijms-21-00286]\] in *Arabidopsis* also revealed that these TFs act as positive regulators for plant responses to dehydration or drought in the ABA-dependent signaling pathway. It is suggested that this ABA-responsive feature of the examined NACs may enhance the stomatal closure, and thus, reduce water transpiration from leaves \[[@B73-ijms-21-00286],[@B74-ijms-21-00286]\]. On the other hand, the foxtail millet (*Setaria italica*) SiNAC110 has been demonstrated to exhibit ABA-independent actions in enhancing the drought tolerance of *SiNAC110*-transgenic *Arabidopsis* plants \[[@B93-ijms-21-00286]\].

3. Materials and Methods {#sec3-ijms-21-00286}
========================

3.1. Plant Materials and Growing Conditions {#sec3dot1-ijms-21-00286}
-------------------------------------------

*Arabidopsis* ecotype Col-0 was used in all experiments. The procedure for cloning of the complete coding sequence of *GmNAC019* into pGHX vector under the control of the *CaMV 35S* promoter was similar to pGKX in previous studies \[[@B69-ijms-21-00286],[@B94-ijms-21-00286]\], except using hygromycin instead of kanamycin for selection of transformed plants. The transgenic *Arabidopsis* plants harboring *CaMV35S:GmNAC019* were generated by *Agrobacterium*-mediated floral dipping approach \[[@B95-ijms-21-00286]\]. Homozygous progenies were identified by monitoring three consecutive *Arabidopsis* generations based on resistance to hygromycin (15 mg/L) and Mendelian segregation analyses \[[@B96-ijms-21-00286]\]. Three independent transgenic lines were identified by this approach, and the *GmNAC019* expression levels in rosette leaves of four-week-old plants (three biological replicates per genotype) were analyzed by RT-qPCR using the *GmNAC019*-specific primers ([Supplementary Table S1](#app1-ijms-21-00286){ref-type="app"}).

In all experiments performed in this study, the seeds were surface-sterilized prior to germination. The information for seed sterilization, germination and growing condition was described in a previously published study \[[@B70-ijms-21-00286]\]. When the plants were transferred to soil for an assay, the relative soil moisture contents (SMCs) were regularly monitored, with the aid of a Moisture Meter (TK-100G, Yieryi, Guangdong, China), by measuring spontaneously six different positions per time point to obtain the average SMC values.

3.2. Phenotypic Evaluation of Transgenic Plants under Non-Stressed Conditions {#sec3dot2-ijms-21-00286}
-----------------------------------------------------------------------------

Four-week-old seedlings (two weeks on Murashige and Skoog (MS) plates followed by two weeks on soil) grown under normal conditions were used to assess the growth and development. The plants were removed from soil for recording their tap root length. The longest leaf of individual plants was measured to calculate the maximum rosette radius according to a previous study \[[@B69-ijms-21-00286]\] using the Image-J software (<https://imagej.nih.gov/ij/>). Rosette area was also recorded following the described procedure \[[@B97-ijms-21-00286]\] using the PhotoshopCC 2019 (Adobe, San José, California, USA). Ten plants of each genotype were used for these analyses.

3.3. Evaluation of Drought Survival Rate {#sec3dot3-ijms-21-00286}
----------------------------------------

Survival rate upon drought exposure was determined following the same-tray method in which the wild-type (WT) and transgenic plants were grown on the same trays \[[@B70-ijms-21-00286]\]. In brief, two-week-old seedlings were transferred from MS plates to soil. The plants were allowed to grow for two weeks under normal watering conditions before they were subjected to non-irrigation for 12 days. After this period, water was re-applied for the next three days before the percentage of recovered plants per genotype was evaluated. Photographs were taken before the drought treatments and after three-day recovery. The assay was conducted using three biological replicates per genotype, with 20 plants for each replicate.

3.4. Measurement of Water Loss Rate {#sec3dot4-ijms-21-00286}
-----------------------------------

To evaluate the water loss rate, two largest leaves from each four-week-old seedling were dissected and immediately weighed (Sartorius, number 68285437, Göttingen, Germany) to obtain initial fresh weight (FW) of each leaf. The harvested leaves were then placed on a laboratory bench for gradual air-dehydration during 5 h, and their weights were recorded every 0.5 h during the examined period. The water loss rate was estimated based on percentage of FW reduction over designated time points. Nine plants of each genotype were used to perform this assay, and the average weight of two leaves dissected from the same plant was used as the replicate sample \[[@B98-ijms-21-00286]\].

3.5. Measurement of Cellular H~2~O~2~ and Activities of Antioxidant Enzymes {#sec3dot5-ijms-21-00286}
---------------------------------------------------------------------------

Four-week-old plants of all genotypes were subjected to a water withholding treatment for 12 days before the leaf tissues (0.2 g per plant for each replicate, three replicates per genotype) were collected for measurement. H~2~O~2~ content was determined following the previous method \[[@B99-ijms-21-00286]\] with minor modifications according to Nguyen et al. \[[@B70-ijms-21-00286]\]. For enzymatic activity analyses, 0.2 g leaves were ground in 2 mL of pre-chilled extraction buffer (potassium phosphate buffer 1 M, EDTA 0.1 M and 2% polyvinylpyrrolidone (molecular weight 8000), pH 7.8). Following centrifugation, the supernatant was used for total soluble protein content determination by Bradford method \[[@B100-ijms-21-00286]\], and superoxide dismutase \[[@B101-ijms-21-00286]\], peroxidase \[[@B102-ijms-21-00286]\] and catalase \[[@B103-ijms-21-00286]\] activity assays using the published procedures.

3.6. Expression Analyses of Selected Drought-Responsive Genes {#sec3dot6-ijms-21-00286}
-------------------------------------------------------------

Three-week-old plants were subjected to dehydration on bench for 5 and 8 h before the whole treated plants were collected and frozen in liquid nitrogen. Purified total RNA was obtained from these samples by using GeneJET Plant RNA Purification Kit (Thermo Scientific, Waltham, MA, USA) and RapidOut DNA Removal Kit (Thermo Scientific, Waltham, MA, USA). For cDNA synthesis, 1 µg of total RNA and Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) were used. The procedure for RT-qPCR was conducted according to previously described study \[[@B67-ijms-21-00286]\], with *Actin2* being used as internal reference gene \[[@B104-ijms-21-00286]\]. Sequences of specific primers for reference and stress-related target genes are listed in [Supplementary Table S1](#app1-ijms-21-00286){ref-type="app"}. Comparative expression analysis was performed by using the 2^−ΔΔCt^ method \[[@B105-ijms-21-00286]\]. Three biological replicates from each genotype were used in each treatment condition in this assay.

3.7. Evaluation of Exogenous ABA Application to Seed Germination and Cotyledon Development {#sec3dot7-ijms-21-00286}
------------------------------------------------------------------------------------------

To study the effect of ABA on germination, *Arabidopsis* seeds were sown on MS medium supplemented with 0, 0.3 and 0.5 µM ABA for three days, before the germination rate was recorded with reference to seed radicle appearance \[[@B106-ijms-21-00286]\]. A preparation similar to the germination assay was also performed for examining the effect of ABA on cotyledon greening after seven days of incubation, by calculating the proportion of seedlings displaying green cotyledon \[[@B106-ijms-21-00286]\]. The plates were kept under non-stressed growth conditions \[[@B70-ijms-21-00286]\]. For each assay, three sets of replicates of each genotype, with the size of 100 seeds per replicate, were analyzed.

3.8. Statistical Analysis {#sec3dot8-ijms-21-00286}
-------------------------

Student's *t*-test and Duncan's multiple range test from one-way analysis of variance (ANOVA) were used for comparisons between two examined populations and among three populations or more, respectively, to determine whether the differences were statistically significant with *p*-values \< 0.05.

4. Conclusions {#sec4-ijms-21-00286}
==============

This work investigated the biological functions of the soybean GmNAC019 in plant response to drought using the transgenic *Arabidopsis* plants ectopically expressing this gene. The findings demonstrated that this TF acts as a positive regulator to mediate plant drought tolerance in an ABA-dependent manner, particularly via regulating plant transpiration process and enzymatic antioxidant defense.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/21/1/286/s1>. Table S1: Genes and primers used for RT-qPCR analysis.
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![Phenotypes of three transgenic *Arabidopsis* lines (L1, L2 and L3) carrying *35S:GmNAC019* under normal conditions. (**A**) Relative expression of *GmNAC019* detected in the transgenic lines but not wild-type (WT) plants using rosette leaves (*n* = 3). (**B**) Maximum rosette radius and average rosette area (*n* = 10) with illustrated photographs. (**C**) Average tap root length (*n* = 10). Four-week-old plants were used in the examination. Error bars represent SEs. Different letters indicate significant differences (*p*-value \< 0.05) among the genotypes, as analyzed by a Duncan's multiple range test.](ijms-21-00286-g001){#ijms-21-00286-f001}

![Drought tolerance evaluation of *GmNAC019*-transgenic *Arabidopsis* plants based on drought survival rate and water loss rate. (**A**) Photographs of wild-type (WT) and three independent transgenic lines (L1, L2 and L3) before drought treatment and after 12-day soil-drying followed by a 3-day re-watering application. Four-week-old plants were subjected to drought treatment. (**B**) Average relative soil moisture contents that were measured over the course of drought treatment (*n* = 6). (**C**) Plant survival percentages after recovery (*n* = 3). (**D**) Average water loss rates in leaves excised from four-week-old plants over the course of 5-h dehydration (*n* = 9). Error bars represent SEs. Asterisks indicate significant differences (\* *p*-value \< 0.05; \*\* *p*-value \< 0.01; \*\*\* *p*-value \< 0.001) between each transgenic line and the WT counterpart at the same treatment conditions, according to a Student's *t*-test.](ijms-21-00286-g002){#ijms-21-00286-f002}

![Cellular hydrogen peroxide (H~2~O~2~) content, and antioxidant defense-related enzyme activities and gene expression in *GmNAC019*-transgenic *Arabidopsis* (L1, L2, L3) and wild-type (WT) plants under normal and water-stressed conditions. (**A**) Monitored relative soil moisture content during a 12-day period of soil-drying (*n* = 6). (**B**) Cellular H~2~O~2~ content (*n* = 3) with irrigation (WW) or without irrigation (D) for 12 days. (**C**) Activities of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) enzymes with irrigation or without irrigation for 12 days (*n* = 3). (**D**) Expression pattern of *CSD1* (*copper/zinc superoxide dismutase 1*) and *CAT2* (*catalase 2*) genes in plants subjected to 0, 5 and 8 h of dehydration (*n* = 3). The drought and dehydration treatments were applied to four-week-old and three-week-old plants, respectively. Error bars represent SEs. Asterisks indicate significant differences (\* *p*-value \< 0.05; \*\* *p*-value \< 0.01; \*\*\* *p*-value \< 0.001) between each transgenic line and WT plants grown under the same conditions, and within the same genotype exposed to two treatment conditions, according to a Student's *t*-test.](ijms-21-00286-g003){#ijms-21-00286-f003}

![The effects of ABA application on seed germination and cotyledon development of *GmNAC019*-transgenic (L1, L2 and L3) versus wild-type (WT) plants. (**A**) Germination rates of seeds that were recorded after three days of growth on MS medium supplied with or without ABA (*n* = 3). (**B**) Cotyledon greening rates that were recorded after seven days of growth on MS medium supplied with or without ABA (*n* = 3). Error bars represent SEs. Different letters indicate significant differences (*p*-value \< 0.05) among the genotypes under the same treatment as analyzed by a Duncan's multiple range test.](ijms-21-00286-g004){#ijms-21-00286-f004}
